Rapid and precise species identification of plant pathogens such as Colletotrichum is essential for their effective control. Colletotrichum species have been traditionally identified based on conidial morphology and host-specificity. Recently, extra emphasis has been placed on DNA sequence comparison for rapid and accurate identification. In this study, we have analyzed the suitability of using internal transcribed spacer (ITS)/ 5.8S rRNA gene, which is the universal fungal barcode marker towards accurate identification of Colletotrichum species. We have sequenced 207 isolates of Colletotrichum and compared their ITS/ 5.8S rRNA gene-sequence data with that of the 183 reference sequences available for the 143 accepted Colletotrichum type strains. The results of phylogenetic analysis based on ITS/ 5.8S rRNA gene-sequence dataset along with sequencecomparison hints at the nomenclatural ambiguity of many isolates, which were initially diagnosed based on morphological characters. A local-BLAST analysis of the 588 GenBank sequences from India shows that 79% of the sequences were erroneously named and 97% of the 159 isolates procured from Indian culture collection centres were found to be misidentified. Mycologists need to work on identification of a potential secondary barcode for this genus as ITS/ 5.8S rRNA is found to be ineffective in accurate identification of Colletotrichum. Researchers should also follow a polyphasic approach for species identification, which would definitely not be rapid; nevertheless would be more reliable and accurate.
Introduction
Identification is an important aspect of taxonomy. Accurate identification of an isolate facilitates the recognition of species, its morphological and biochemical features, with positive implications in ecological and biodiversity research (Hajibabaei et al. 2007 , Seifert et al. 2007 , Begerow et al. 2010 . Identification is followed by taxonomic processes such as determination and classification (Shenoy et al. 2007a) . Firstly, the essential attributes of a fungus such as: morphology, host specificity, DNA sequencedata and physiological features are characterized (identification), followed by determination of its relationships with the closely related extant fungi, leading to a hierarchy of biological classification system. Developments in DNA barcoding have transformed the field of fungal taxonomy (Summerbell et al. 2005 , Shenoy et al. 2007a , Seifert 2009 ). DNA barcoding (Hebert et al. 2003a ) is a method to diagnose a species based on standard short DNA sequences such as mitochondrial cytochrome c oxidase1 (cox1) in animals (Folmer et al. 1994 , Hebert et al. 2003a , large subunit of the ribulosebiphosphate carboxylase gene (rbcL) and maturase K gene of chloroplast (matK) in plants (Consortium for the Barcode of Life (CBOL) Plant Working Group 2009). The ITS/ 5.8S rRNA gene region has been widely used for species identification and phylogenetic analyses of many fungal genera (Soltis et al. 1999 , Summerbell et al. 2005 , Nilsson et al. 2009 , Seifert 2009 ) and it has been projected as the best candidate for barcoding of fungi in the All Fungi Barcoding Meeting held in 2007 (Rossman 2007 , Bellemain et al. 2010 . This is attributed to the fact that this region is easy to sequence with the help of specific primers (White et al. 1990 ), provides good specieslevel resolution in many fungal groups of endophytes as well as phyto-pathogens and also has a high capability to evolve rapidly (Nilsson et al. 2008) . Recently, Schoch et al. (2012) have declared nuclear ribosomal internal transcribed spacer (ITS) region as a universal DNA barcode marker for Fungi.
Colletotrichum is an important fungal genus whose members are known to cause various diseases in a variety of commercial, ornamental plants and perennial crops (Hyde et al. 2009a , b, Cannon et al. 2012 . It is reported mainly from tropical regions (Freeman et al. 1998) . This genus has been implicated in symptoms like fruit-lesions, fruit-rot, leaf-spot and leaf wilts from different parts of the world. Colletotrichum species can infect a growing crop directly (pre-harvest) as well as cause latent infections (fruit decay) as a post-harvest pathogen (Bailey et al. 1992 , Waller 1992 , Freeman et al. 1998 , Farr and Rossman 2013 . Colletotrichum has emerged as an important post-harvest pathogen owing to its ability to cause latent infection (Muirhead et al. 1981 , Everett 1997 , Fokulnang et al. 2000 . Colletotrichum species have been implicated in serious damages to agricultural crops in India (Sharma et al. 2005 , Shenoy et al. 2007b , Agarwal et al. 2012 , Gautam et al. 2012 , Hubballi et al. 2012 , Kumar et al. 2012 , Sawant et al. 2012 , Sharma et al. 2012 , Wilson and Naseema 2012 , Sharma et al. 2013a .
Taxonomically, Colletotrichum is a complex genus. As reports on anamorphteleomorph connection were limited (Hyde et al. 2009b , Cannon et al. 2012 , Colletotrichum species have been traditionally identified based on conidial characters and host-specificity (Cai et al. 2009 ). Identification based on morphology, however, has been shown to be ineffective and unreliable in many cases such as C. gloeosporioides species-complex (Cannon et al. 2008 , Weir et al. 2012 ) and C. graminicola species complex (Crouch et al. 2009 ).
Recently, taxonomic revisions have been made in the Colletotrichum genus by revisiting the phylogenies of members of C. gloeosporioides, C. acutatum and C. boninense species complexes based on multigene phylogeny and genealogical concordance phylogenetic species recognition (GCPSR) criterion (Damm et al. 2012 a, b, Weir et al. 2012 . Cannon et al. (2012) have reviewed and enlisted 119 species under Colletotrichum genus and around 30 species are expected to possess a Glomerella sexual stage. At present there are 143 accepted species names under the genus Colletotrichum (Cannon et al. 2012 , Noireung et al. 2012 , Rakotoniriana et al. 2012 , Barimani et al. 2013 , Doyle et al. 2013 , Huang et al. 2013 , Liu et al. 2013b , Manamgoda et al. 2013 , Peng et al. 2013 , Tao et al. 2013 , Udayanga et al. 2013 .
DNA based species-identification, is expected to provide a potentially reliable framework for identification as DNA characters are not known to be directly affected by environmental factors (Cannon et al. 2000) . Though ITS/ 5.8S rRNA gene region is a widely used gene marker in Colletotrichum taxonomy (Summerbell et al. 2005 , Seifert 2007 , Shenoy et al. 2007a , recent studies have shown that this gene region offers moderate species resolution in Colletotrichum. However, until other or better gene markers are described, it remains to be the best available sequence dataset till date (Cai et al. 2009 , Hyde et al. 2009b ). There is a need to revisit the taxonomy of this economically important phytopathogenic fungal genus from India, as majority of cultures deposited in various culture collections have been identified based on morphological features. In addition, the NCBI-GenBank sequences deposited from India also needs amendments based on the latest ITS/ 5.8S rRNA sequence dataset (Cannon et al. 2012) . This study reveals the nomenclatural ambiguity in many morphologically identified Colletotrichum species from India, based on the phylogenetic analysis and sequence comparison results.
Materials and Methods

Fungal isolates
Plant substrates from different hosts were collected from IMTECH campus and neighboring areas in Punjab. A total of 49 endophytic Colletotrichum were isolated from the collected tissues following the method described in Cai et al. (2009) . The plant tissues were surface-sterilized in 70% ethanol for 1 minute, followed by 1% sodium hypochlorite for 1 minute, rinsed thrice with sterilized water and finally dried on sterilized tissue paper. The plant tissue were then placed on potato dextrose agar (PDA) medium (Difco, catalogue number 213400, Maryland, USA) containing 50 µg/ml chloromphenicol (BioBasic, catalogue number CB0118, Ontario, Canada). The fresh mycelia from tissues were subcultured on PDA medium and grown at 20 ºC for 7 days to isolate DNA for molecular study. A total of 158 Colletotrichum isolates were procured from different culture collection facilities across India and subcultured in a similar manner. All the 207 fungal isolates were preserved at -70 ºC and LN 2 in 10% glycerol for future use. Colletotrichum strains from this study are represented in Table 1 (list of endophytes) and Table 2 (list of isolates from different culture collection centre of India). List of Colletotrichum type species whose reference ITS/5.8S rRNA gene sequence has been used, are tabulated in Table 3 .
DNA extraction, PCR amplification and sequencing of ITS / 5.8S rRNA gene region
Genomic DNA from fresh mycelia was isolated using DNA isolation kit (Zymo Research, catalogue number D6005, USA) following the manufacturer's protocol and stored at -20 ºC. Polymerase chain reaction (PCR) was done in a 50 µl reaction volume. Each reaction tube contained 3 µl of total genomic DNA, 10 µl of 5x GoTaq Green Buffer (Promega, USA), 1.5 µl each of 10 µM forward primer (ITS 5) and reverse (ITS 4) primer (White et al. 1990 ), 3 µl of 25 mM MgCl 2 , 1 µl of 10 mM dNTPs, 0.25 µl of 5U Go Taq Polymerase enzyme (Promega) and 29.75 µl of sterile water. The PCR reactions were carried out in Eppendorf Mastercycler (Eppendorf, Germany) with cycling parameters as described in White et al. (1990) . The PCR products were run on a 1% Tris-Acetate-EDTA agarose gel stained with ethidium bromide (0.5 µg/ ml) at 100 V, 400 mA for 45 minutes to check the presence of desired band of 500-600 bp. The PCR products were further cleaned with QIAquick PCR purification kit (QIAGEN, catalogue number 28106) according to the manufacturer's protocol. The purified PCR products were quantified using Nanodrop Spectrophotometer ND-1000 (Thermo). The PCR products were sequenced using ITS 5 and ITS 4 primers (White et al. 1990 ) with ABI Big Dye v3.1 Terminator Ready Reaction cycle sequencing kit (Applied Biosystems) using manufacturer's protocol. The samples were purified to remove excess salt, denatured with HiDi-Formamide at 95 ºC for 3 minutes and analysed using 3730 DNA Analyzer (Applied Biosystems) at the Central DNA sequencing facility available at the CSIR-Institute of Microbial Technology, Chandigarh, India.
Sequence alignment and phylogenetic analysis
The forward and reverse sequences obtained for each strain were aligned using Sequencher version 4.10.1 (Gene Codes Corp., Ann Arbor, Michigan, USA) to generate a consensus sequence. The ends of the sequences were trimmed with the help of ITS 5 and ITS 4 primer sequences and aligned using MUSCLE algorithm (Edgar 2004) in MEGA version 5.2 (Tamura et al. 2011) . Analysis of sequence divergence was done using Kimura-2 Parameter (K2P) distance (Kimura 1980 ) and the rate variation among sites was modeled with a gamma distribution (shape parameter = 5). The phylogram for ITS/ 5.8S rRNA gene region was generated with Neighbor-Joining (NJ) method (Saitou and Nei 1987) with bootstrap analysis (Felsenstein 1985) of 100 replicates using MEGA. All positions containing alignment gaps and missing data were removed in pairwise sequence comparisons. The resulting NJ tree with branch support and bootstrap value is shown in Fig. 1 . The sequences generated in this study have been deposited in NCBI-GenBank (Table 1 and 2) (Benson et al. 1997 (Benson et al. , 2006 .
Retrieval of sequences from NCBI-GenBank and local BLAST analysis
A total of 588 sequences were retrieved from NCBI-GenBank on 29.03.2013 using the keywords "Colletotrichum ITS India" for local BLAST analysis. List of the Colletotrichum isolates from India whose sequences have been retrieved from NCBI-GenBank for local BLAST analysis, are tabulated in Supplementary Table 1 . A local database including the type sequences of Colletotrichum species (Table 3) was created using BioEdit (Hall 1999) . BLAST similarity search analysis (Altschul et al. 1990 ) of ITS/5.8S rRNA gene sequences retrieved from NCBI-GenBank were performed against this local database and the result is presented in Fig. 2 and the local BLAST score and % identity for each GenBank sequence from India is tabulated in detail in Supplementary Table 1 . Similarly, local BLAST analysis was also done for the 207 Colletotrichum isolates sequenced in this study and the local BLAST score and % identity is tabulated in detail in Table 1 and 2.
Result
Phylogeny
The phylogenetic analysis included 391 sequences including the outgroup Monilochaetes infuscans (CBS 869.96) and a total of 719 characters. All ambiguous regions were excluded from the analysis. The phylogenetic tree generated based on Neighbor-Joining method with branch support in a bootstrap analysis of 100 replicates is shown in Fig. 1 .
The NJ tree thus generated is very poorly resolved which shows that ITS/ 5.8S rRNA signal is poor in case of Colletotrichum genus. ITS/ 5.8S rRNA gene marker is able to cluster the Colletotrichum isolates only to their respective species complex level. A total of 163 Colletotrichum isolates from his study clustered within the C. gloeosporioides species complex clade comprising 31 type strain sequences (Clade gloeosporioides) (Weir et al. 2012) . MTCC 2175 did not align with any of the existing Colletotrichum type strain, however; it remained basal to the type strains of recently described two new species: C. thailandicum (Noireung et al. 2012 ) and C. gigasporum (Rakotoniriana et al. 2012) .
Six isolates clustered within the C. boninense species complex clade comprising 18 type strain sequences (Clade boninense) (Damm et al. 2012a) . A total of 23 isolates clustered within the C. truncatum species complex clade comprising three type strain sequences (Clade truncatum). Four isolates clustered within the C. graminicola species complex clade comprising 18 type strain sequences (Clade graminicola). Three isolates (GS30, ITCC 6271, ITCC 6272) clustered with a recently described new species C. brevisporum (Noireung et al. 2012) , while four isolates (ITCC 4765, ITCC 5213, ITCC 6032, GUFCC 15503) clustered with type strain of C. cliviae. ITCC 6079 clustered with type strain of C. nigrum (Liu et al. 2013a ). There were no representative isolates for 14 Colletotrichum type strains in our study including: C. agaves, C. chlorophyti, C. coccodes, C. dracaenophilum, C. lindemuthianum, C. orbiculare, C. orchidophilum, C. phaseolorum, C. pseudoacutatum, C. rusci, C. sansevieriae, C. trichellum, C. tropicicola and C. yunnanense. Recently, Cannon et al. (2012) reviewed the current status of Colletotrichum systematics and have described nine major clades within this genus. In our study, the ITS/ 5.8S rRNA gene marker was able to identify species belonging to different species complexes into their respective clades: for eg. Clade gloeosporioides, Clade boninense, Clade dematium, Clade spaethianum, Clade destructivum and Clade acutatum. However, species belonging to the Clade graminicola were not fully resolved based on ITS/ 5.8S rRNA gene marker. Similar finding has been reported earlier by Crouch et al. (2009) . 
Local BLAST analysis
A total of 588 sequences were retrieved from NCBI-GenBank for the local BLAST analysis and to validate the authenticity of the sequences deposited from India. Identification was based on the sequence comparison with the DNA sequence data of ITS/ 5.8S rRNA gene region of 183 Colletotrichum type strain sequences using Local-BLAST application in BioEdit. The results of local BLAST have been summarized in Supplementary Table 1 .
Approximately 79% (463/588) of the DNA sequence entries of Indian origin retrieved from NCBI-GenBank were found to be erroneously named ( Fig. 2a ). However, all the sequences named "G. tucumanensis" were correctly named and were found to show 98-99% identity with the type strain sequence of C. falcatum. One sequence each of C. curcumae, C. chlorophyti and C. siamense were correctly named and showed 100% identity with their respective type strain sequence ( Fig. 3) . Out of the 277 sequences deposited as C. gloeosporioides only two sequences showed identity with the type strain sequence of C. gloeosporioides sensu stricto. Colletotrichum musae (5/7) remained the most correctly named strain within the members of C. gloeosporioides species complex. Besides, approximately 97% (155/159) of the isolates procured from various culture collections of India (Fig. 2b ) were found to be misidentified. 
Discussion
Accurate identification of economically important plant pathogenic fungi is a major concern at present, as it aids in early and accurate disease diagnosis. Anthracnose diseases caused by Colletotrichum species have had a considerable impact on world agricultural production through their capacity to cause economic losses on a number of important cereal, legume, fruit, vegetables and cash crops (Bailey et al. 1992 , Waller 1992 , Pakdeevaraporn et al. 2005 . The fruits and vegetables, infected by anthracnose are not acceptable for export market (Waller 1992) . The major bio-security concern regarding plant quarantine also involves accurate species identification. Thus, it becomes necessary to move ahead of traditional approach based on morphology and incorporate modern ways for species recognition.
In the present study we have tried to analyze the suitability of using ITS/ 5.8S rRNA gene region as a marker for precise identification of Colletotrichum species from India. Although the ITS/ 5.8S rRNA based identification is a rapid way of preliminary identification of fungal species, but the reliability and accuracy of this method still remains a concern. ITS/ 5.8S rRNA region is rich in indels but its difficulty to align makes its usage in phylogenetic reconstruction difficult (Seifert 2009). In addition to it, ITS as a marker has its own limitation since it is not able to fully resolve many species of C. gloeosporioides species complex completely as is reflected in Fig. 1 .
There are more than 6300 NCBI-GenBank (Benson et al. 1997 (Benson et al. , 2006 ) entries (6396 as on 7 th June 2013) for ITS/ 5.8S rRNA gene, which is maximum (~ 29%) among all the gene sequences (21528 total nucleotide entries for the genus) available in NCBI (Ryberg et al. 2009 ), but majority of them are erroneous and not authentic (Bridge et al. 2003 , Nilsson et al. 2006 , Cai et al. 2009 , Crouch et al. 2009 ). In a recent study, a high rate of misidentification (86%) was observed while using BLAST similarity search of ITS/ 5.8S rRNA sequences for C. graminicola species (Crouch et al. 2009 ). The reference type sequences have not been considered while analyzing in BLAST, which further leads to accumulation of wrong information in public databases in the longer run. In this study, ITS/ 5.8S rRNA region was sequenced for a few type strain sequences including C. sansevieriae, whose original sequence (AB212991) was too short and hence not included in the analysis. The newly generated type sequences have been highlighted in bold in Table 3 . An updated file comprising the ITS/ 5.8S rRNA gene sequence for the 135 type strains of Colletotrichum (Post Cannon et al. 2012 ) was made and used to validate the identities of the Colletotrichum isolates deposited in various culture collection centres across India and the GenBank sequences deposited from India. Based on the NJ tree ( Fig. 1 ) and the local-BLAST analysis done in BioEdit; almost 97 % (155/159) of the isolates procured from various culture collection centres of India were found to be misidentified. Also, about 79% of the GenBank sequences deposited from India were found to be erroneously named. The reason for this could be the fact that, in many Institutes and Universities of India, traditional morphology based approach for species-identification is still more popular.
The sequence based identification is yet not popular owing to its high cost.
DNA sequence based species identification could be a recent trend, but based on our study, we are forced to think whether it is judicious to spend so much money on a process which ultimately leads us nowhere but towards a clutter of confusion. Thus, in current scenario ITS/ 5.8S rRNA based species 
